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fhe writer was born in it. louis, Missouri, 15 April 
1920, and lived there and in Kansas City, dissouri, for siz 
years before be moved with bis family to lalias, Texas. 


«ii received ois elementary training t the Armetrong 
Sehool] anc Ais secondary training et the Highland -ark igh 
Sohovl in Lallas. ie attended The dice lnsitate at Houston, 
texas, froa woich he received the degree of Sachelor of ‘clengs 


in Chomieal anginesring in April, 1943. 


lomediately apon gracuation from The Jiee institate, be 
went on active duty with tae Naval Neserve, serving eighteen 
montas in tue Sershail isianés. de returned to the United 
“tates to enter the United (tates Maval Ackdewy postgraduate 
eourse in Ordmasce Jagineoring (ixplosives) at Annapolis. 
fhe extension of this course is now in progress at Cornel) 


University. 
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Before tue entrance of the United States inte Yorld var 
li, aitration-grade toluene (¥9t~ toluene) was obtained in 
Polatively swalil quantities from numerous coke-oven operat~- — 
fons throughout the country.'*°! seeause tnis production was 
& by-product related to the mining and utilisation of soi, 
it was impossible economically and quickly to increase te in- 
Grease tie quantity of toijasne frem this source. fhe entire in- 
tegrated process for mixing ayntuotic sitration-grade toluene 
from petrolous bad beon worked oat by seo, (20) fhe Baytown, 
fexas, refinery of She Humble 01] and Sefining Company was the 
first plant to produce synthetic nitretion-grade toluene on a 
commreial scale from petreleus. In the year after “earl 
Harbor, this refinery supplied over half of the tolesne ased 


in America to manu trinitrotelaeme (fR7T). 


fhe tolaene production vefore Yorlé War 1 was jesse than 
& million gealioss anmusliy (U. =. Bareau of Mines Gata) since 
‘by-procact Gocing was practioed to 4 iimited extent only. ty 
191é tae production was almost nine million galions per yours 
ja the year after *orid War I, production dropped to one or 
two million goilons @naually and them rose eteadily until 


it was about thirty slilion géilons for 1946. 
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Grade petroleum of the type availabdie during “orld var If 
contains roughly half of one per cent of toluene, &ithough the 
content of some orades is as high @8 one of two per Gente To 
provides tie necessary nitration-grade toluene above that avaii- 
able fros tae cosl-tar industry, by extracting tae natural tol- 
ane present in petroleum orades, it would be necessary to pro~ 
eose in a @pe0icl wanner nearly one-third of ail the crade 
Baphths produced in thie oountrye ‘therefore, the production 
of synthetic toluene seemed the only promising alternative. 


fo bridge the gap between the pre-war supply of toluene 
from the coal-tar industry and tae demand for over two bun- 
Greé million gailone required annually for war-tise operations, 
ene eatalytic pycroforming preessi, Geveloped by itandard 011 
of kew Jereay Gnd toe de We deliogg Company in peacetime 
primariiy for tas desulfurization and octane Laprovement of 
moter gasdlincs, waa iemeciately svallable for the production 
of synthetic tolacne from seleeted petroleam fractions. 
The Grated products of the elder iubbs and other thermal 
ereacking unite were not Wery aigh in aromatic content and 
therefore did not lend themselves to the further prodaction 
of toluene 04 Gn economical basis. The cracked products from 
Oatalytiec cracking chambers, on the other band, can be made 


rich in aromatics by suitably adjusting the cracting conditions. 
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Those are the only large seoale souress of toluene today. 
Batuas ov souann! 4) 


Zoluene, or toluol, is methyl benaene or phony] methane. 
it is @ coloriess, inflammable liguid wits a bigh refractive 
dncede \@ &m aromatic hydrocarbon, it bas excellent anti- 
anoce propertivs. ite bolling poimt is variously decor lived 
as being betwoon 110.8° and 110.6° 0, while ite freezing point 
is ~ 924° G. Toluaesz bas a molecadar weight of 92.06 and ite 
specific gravity is 6.8708. 


Tolusne resembles benzene in many ways, Glthough it 
aiffers from it somewhat in cotbustion phemnemens at siga 
preseures. <cresence of a Gide chain in the toluene nucleus 
facilitates oxidation, but also gives rise to complications 
due to ite slaulatene.as oxidation with tae nucleus. Thue it 
bas been found toast benwyl] aleokol, bensaldehyzés and benzvic 
aClG are formed 46 the result of a side~ehain oxidation, 
together wita 2 4 dibydroxy toluene ond oteer aromatic ai- 


hydroxy derivatives. 


Zolaens differs from beasene in that tere is & well da- 
fined inductivn period preesoding reaction snd it is easier to 


control subsequent oxidation to produce considerable yusnt~ 
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ities of one or the other internediate products. For ox- 
ample, high pressure, togetier with the excess of the hyéro- 
carbon, favor survivai of tne alcohol, while a progressive 
increase in the oxygen concentration causes toe reaction to 
proceed at first mainiy te the a@ldebyde stage and then to 
benazoio acia. Sy careful control it is found possibie, even 
in the static system, to obtain yielés of aromatic derivatives 
representing sere than seventy per cent of the toluene con- 
SUAVE es 
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feluens is present as such in some orade petroleums, 
Sné oan be recivereé Girectly by Gistillation. The non-waxy, 
aigh-gravity crades of Soerneo have & sigh aromatic content. 
Jenseus, tolacne anc aighur homologs, nephthalene derivatives, 
eyciic hydrocarbons, decaline and tetraline are present. 
Zhe crudes Oontain &bout o,uea) parte of aromatics (largely 
tolasne), naphthalenes and pareffins. The teleene fraction 
of Sorneo crude was used for aanufecture of TET during Vorlé 
jer i not only in Sngland, bat siso in francs, Holiand and 
Goruanye 48 early ag 1906, it bag boon discovered, that the 
Volatile fractions (35° - 60° 6} of Sorneo erade contained 


@1lu0 Rephtadienss anc anusualiy lerge quantities of aromatic 
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hyGrocardons, amounting to a8 much as forty por cont and 
identified as bensens, toluene and mote axylonc. At firat 
this high aromatic content rendered the Sernse grade of low 
comercial Vailas, bat later it proved to be of greatest in- 
portance to the british impire as a source for toluene for 
the Portesesc $27 plante ‘the Sorneo crade imported inte 
Snglana at toast tiwe bad « s,ccific gravity of 0.795; twenty 
per cont distilled below 100° 6. fhe erades contained seven 
per cent of benzene, fourteen per seat of toiacas, fifteen 


per cent of xylenes ana four percent of Signer aromtics. 


A similar ratio of bansenc, toluene and zylene oxiste in 
the aromatic pbydrocarbon content of some iranian orudese 


vous Auymanian orades are also rich in aromaties. 


Compounds prosent in crude naphtha can be classified as 
peraffins, paphtvence (cyclic pareffins) and sromaticn. 
Bapathbenes may contain rings of either five or six sarbon 
atoms. For mamy yoars it bas been cnown that with the aid of 
dehydrogenation catalysts, naphtheacs containing aix carbon 
atoms in tae ring and normal paraffins could be converted 
to avouatica, but procesaus asing these Gatalyste had nover 
beooms commercial because tie Gatalysts raygid.y becase ine 


activated by fouling and Goxe doposition. Table I, pags 7, 
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gives the toluene and methyl] cyclonexane contents of rep- 
resentative American crudee. fae volmen per cont of methyl 


gaaua 20) 


Zeluene and methyl cyclohexane pilus 
ethyi cyclopentane contents of rep- 
resentative /mericean crudes (volume 


per cent} 
orase Zojuene 86h 
foxae Coastal 0.08 1.8 
Conroe ee ae 1 
hast Texas 0.40 1.7 
sottlemn Hiiis 0.76 Bel 
Miédway Lignt 0,02 05a 


Horth sweden Hizture 0,80 3.7? 


Jobandle Cekd fed 
£eGose 0,03 160 
Kkefug io 9-26 249 


Sait flat regions 0.19 165 


ante Maria | 0.15 0.7% 
agarland pid 4.9 
fombalj] dixture 1219 Bel 
fonsley 0,98 0.65 
Sest Texas 0.80 1.3 


cyclohexane reported includes also ethyl eyelepentant. Indie 
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Cations are that etay) syelopentane may comprise betwoen fif- 
teen anc twenty per ceat of tao total metayl oyelcohexane (xCH) 
etny) cyclopentene (ud?) mixtare.'*°) ente table will bo rar 
ferred to later in connection with the discussion of methyl 
GyGlohexane 46 source of tolucnes 
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bince straight thermal cracking gives only very low 
yields of toluone, it has Little importance ae s source of 
this waterial. ‘Toluene from petroleum is made by catalytic 
Gructinge The Gutalytic process may be classified into fixed- 
bed and muving-bed reactions. %o the former class belong the 
Older douery process, tue newer bycroforming process, cycic- 
Version and various otaer minor Variations of these. To the 
jatter class belong two new processes known respectively as 
tas thersofor Catalytic orsexing (100) process and the fluid 


Gatalyst process. 


Tae first commercial catalytic oracking pliant wae placed 
on stroma at the faulsboro, Sew Jersey, refinery of tae Socony 
Vaouun Jil Company, in 1956, using tae Houdry procese. This 
wae the only catalytic oraccing process in comsereial operation 
waen tho United itatus entered orld Ver il. Of the three 
major Gataiytic orackiag processes (Moudry, fiuid and 1OC) the 
doudry preeess represents some twenty-nine per cent of the 
total catalytic chasber volume, whiie the fluid processes ro~- 
presente fifty per cent and tae taermefor process, thirty-one 


(a) 


per cent. fae oycloversion, thereofor and flaid processes 


@li reached commerelaliseation after forr] Harbor. 


- 


CRE i PM, AMER ¥. DURIOD DOROMTOME hw 
eH A Ae Gas Seok) Ree eee’ 


, a7; 2 Pi eae ah % a Ak: Ws Wont ee a Pe 
0k yur leo wevdy oe co filyig cin Sp 
a t 1 é. cae a XM . ¥. 


Je someon s ee seanbnoyd aiztth wae 22 yon 08 Yo ania ; 
“out? oint ooltiesats od ym savoery atstiatoe ea? sgatsonta 
Gud Backed wanke TanI0% 69 of sSnolsonen voc-gatvur uaa bed 
~cioys ,189s0% geineieT YS Towen exis yewaoutg rowel redLe 
ess et sesemd Ye Gaoksettay Yoatm awmto avctiey baa goheney 

a0 ULerlsociert aves sersuoon wun ow ancieé avaio reitak 
ftwk? o6? bane accor (90%) gulssave slJyieved setewreds sus 


e8aenem] Seyletao 


beoaly Gee Saal gatxontw sisyiodes Letenemmeg 27k? oft 
qaoows wont to yiealte: , yoste. wok , c19daloei of3 ¢2 cwaste ao 
Sic? saceedty Ytbwek e6f gnlew g3h4i at ,ymegeoO LI0 suwoed 
getterge Letowenee at cannery galronro ols yisdao Yiae ect eme 
seedd of? W 612 el ohee! voredae worase Sotkal oad aucw 
oi? (O64 bae Stel? ,yewcH) sevacoong gatsoese Cidylasan rehas 
one Go Seem teq emia~-ysiaond enue wianestyou @enger, yiescol 
wot BacpoNy DEGLT eas vitdw ,eawloy roduens ors yada Lever 
emo-yiiids ,eceoong wetomasd? on¢ ooo igoo 104 WU? eiaccomy 


(4) 


avgnecen, Stelt ban to%omiet? ,colatteloy on? sO THQ 


eteodwalh Lids te?te sobssatialorsewoe sedeaot ide 


sg 


The many methods whieh have been described in the litor- 
ature for the manafactare of toluene represent 0 wide sover~ 
age of the field of syntnetics. Sach methods, other taan 
those dimussed above, include tae duhydrogenation of relative- 


(43, 36, 19) the sisultansous do-~ 


iy pare meteyl cyclosexane 
hydrogeaation and eyolizstion of norm hoptans'*s 5, 7, 6, 

We Ady 27, 16, 19, 32), goo mixing of methene and benzene in 

tas presence of Catalysts at bigs temperatares and preseuren!*4! * 
the treatment of pathalic acid or phthalic enhydride with 
ayedrogen at Paiced temperatures and oressares in the presence 

of catalysts! #5) | the forsation of toluene and other licaté 
uydrocarbons from acetylene whieh bas been subjected to pyrro- 

pi 48) 


genetic souversivon in the presence of aydroge » and many 


Others. 


4& brief discussion of toe more important catelytic pro- 
oueses ig given below, feilowed by & brief resumes of some of 


the Various catalysts ased. 
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fhe Koucry prodess first Game to general notice when a 
former french wetebmadcer, Sugene Houcry, and bis associates 
presented a paper on the catalytic processing of hydrocarbons 
before the Kovember, 1956, meeting of the American otroleun 
institatee Previous to this enncunnennn’ ; the process had 
gone throug & long poriod ff Govelopment, dating back to 
aS early a6 {9f4. The Pirst commercial plant using the 
Houdry procese was pat into produation at the auleboro, How 
Jersey, refinery of the Socony Vacuam 01] Company in 1956. 


fhe Hoadry Vatelytic Cracxing process involves merely 
the passing of bydrocerbons throagh © fixed catalyst bed 
contained in tae so-ealled Gatelyst or reaction “eases. 
fois processing of the aydrogarbone is usually performed in 
ta Vapor phags, aithough this is not aocessary. The Houdry 
process 16 based on three groups of interrelated inventionas 
these comprise, first, tae cataiyste themselves | discasesd 
jater, see “Catalysts”, page 54), eseond, the apparatue in 
whieh the qrude stock and the eatalyst are brought into Gon- 
tact, 4nd taird, the methods and manipulations by watch tae 
Gatalyset reaction is induced and controlled. ‘The comuercial 


success of the process cependea on the proper functioning of 
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the Catalyst, the reaction vessels and tne controle. 


Setualiy, catalytic rvasares bad been ingreasing on a 
wice s¢ale an tdd 1931 whea uost petroleus faterests were try- 
fag to find & catalytic method to replace tae thermal crack 
ing processes which wore ratner wastefui,'*9) bat the eiving 
of tho main problvms by Gugene Koudry opened up the field for 
ister advances. fhe dBasic principles of Hoadry'’s original de~ 
sign were not changed until after the beginning of Vorlé Yar 
Li @ua tue subsequent seceleration of roseuren.s Until the 
foudry process was pieced in Gporation, the proviem of catalyst 


regenersiica hea not been successfully solved. 


ae doucry process luvelves passing & oiream of bot hyéro- 
@arbon vapor, with a email] aaount of steam to secure the maint- 
aining of the vapor wizture above ite dew point in the reaetor 
Cases, through tae Gateiyet sages, Goliecting and aoparet ing 
tse Gatalysed products and regenerating tae catelyet when ite 
activity Sec begun to droge. ‘<impie as 1t may sound, this oper- 
ation presented serious mechanical and constructional di7ficl- 
(iece the Circumstances to waitn @ Soudry catalyst case mast 
Guaforn Gre exaciinge For effielent oragking tae o1] vapors 
enter the reactor Gases ot a temporatere of about 040° PF. 


suring tae cracking, carbonaceous deposits accamalate. Phose 
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mast be burned off at & teuperatare above 960° F by passing 
@ oarreat of bot air through the cases. The change from crackz 
ing to regeneration way be in a period es eshort as five win- 
utes. Very careful design is required to builé & ease that 
Gan withstand those rapid ané severe fiuetuations in temp- 


@rataree 


Sven this wae a relatively ainor problem. ‘The reaction 
is endothermic and therefore requires external neating while 
the ease is on streamy the regeneration le exotherale and 
& lerge amount of seat must be dissipated te protest the 
Gatelyate Since the catalyst iteclf is @ roiativeiy poor 
eondactor of seat, an eiaborate system of covling vanes is 
pieces inside the catalyst mass in toe cases. These are so 
Gesignec taat at no point is the catalyst more tren about 
one inch evay from a Vane surfaces Thase Vanes ars supported 
on pipes throagh waich fiowe a mixtore of forty per saat 
soGium nitrite, sever per sent sodium nitrate ang Fifty-tares 
per cont potaseian nitrate, This acts as the seat-oontrole 
ding medium. The Spparatus for Gireulating the o1] feed, 
the regenerating air and the beat controlling medias is con- 
Stractea with the ong thougat of effecting tse wost rapid 
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Figure 1 om page 15 is the fiow shwet of on early, simple 
Hyudry oraveing anite The neavy lines trace the path ef tae 
oruue oil feed taroagh the @atalyst cases to tae Pinished 
eracced product. he dotted line is the steam line, while tas 
Gasaeé ana dotted iines are the fused gait flew (——— **) 
limes aad toe purge system (~ +). The fine solid line indi- 


Cates tua flow of regeneration air through the plante 


After being seated in a furnace, the feed of] is charged 
to @ tar separator. The oii is flashed in the tr separator 
into whien the bot o11 Vapors ure fed tangentially so tuat 
tie tar may be removed by contr ifugal eetion 86 well as by 
Settling. ‘the Vapore from the tar separator are reheatec and 
mixed wits @ little superheated steam to insure tint they 
will be above their dew point before golag te the eracking 
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Taere are usually about twelve oraccing hate with two 
always attached in parallel. Taue tuey are eoaneeted in two 
eroups of six case8, Gace group having its own indot and oute 
jet wanifelds. ne operating schems is fer saci pair of cases 
$0 “wave an On~streas periscd of ten winatws. The valving 
ayates ie arranged 26 that a pair of Gases eones on stream 


every five ainutes. Talis asaures teat e anifora flow of o13 
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is entering and leaving tue cases. The necessary valving fe 
done satematically by motor-operated Valves controlled by « 
Single ayele timer. The vapors enter the bottom of the cases 
and leave at the top. The outlet Vapors are conducted tirouga 
& series of heat oxchangers (not showa) where they give up 
tueir beat to incoming fee6 or Sir, and are thon further 
treated wy geome sethbod of recovery (see “Tolueas secovery", 
| page 47). 


fhe salient feature of the doudry process is tis catalyst 
or roactor case, and tae method of operating it. These feat- 
ares distibaiss tse Houdry procesa from the tuermal cracting 
prccosse The Cases usueliy ran about thirty-elignt feet bigs 
and are ton or oleven fuet in dlaseter. They are constructed 
as towers ané contain tubes aad fianges for conducting beat. 
Ome series of tubes is for the aiternate passage of of) 
Vapors and tao air necesaary for rogeneratione A second 
series Conducts tne cutiysed o11 Vapors and the regeneration 
a6a08 to tooir respective outiets. A third series of tabee 
Garriss tee molten sait ased for heat exchange. his seit 


ioses its teat to tue incoming air, a8 expiained ijater. 


4 typical operation eyele is aw follows. Utilising « 


 tairty-ulnute cycle, each case spends ten ainutas on streas 
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while the 011 vapors are being passed through for catalysis, 

. five sinates for purging the case of oll Vapore in prepara- 
tion for regeneration (the o11 Vapors lost are reseverss else- 
where in tae plant and recycled), ten minates for tae comple te 
regeneration operation and five minutes for purging the case 
of air and combustion prodagte in preparation for reeumption 
of catalyeiae it is necossery to remove the hot of] vapors 
before admitting alr at a burning seat, and to remove air 
before aduitting o11 vapora to avoid any chance of — firing. 
fas purging in cach Gase is done by a baromctrie vacua 
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The regeneration with air is one 6f the most lateresting 
featares of the Kouary process. As may be noted from tne flow 
sheet (Figure i), air is forced by a blower througs a seat ex 
Ghanger where it pieces ap safficient peat from tae wolten salt 
to oxidize the carbonaceous deposit on the catalyst rapidly. 
Upon issuing from the cases, the air passes through ona or 
gore combustion cases where combustion of carbon monoxide is 
Gomplotede iater developments in tae woudry process eliainate 
these combustion Gases, whieh soutain a catalyst which redaces 
the oxid«tion teaperature and allows soae of the heat to te re= 
Coverede After passing throagh the cembustion cases, the Aot 


( @80e6 pass through a tarbo-compreasor unit. Om arrival at the 
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air turbine of the turbo-compressor anit the hot gases, at 
about forty-five poumés per square inch pressure, are ex- 
peuded to atavepheric pressure, ia so doling they generate 
@noagn power to oyerate tae initio] air Dlower and also @ 
aynchroneas gsuerater which converts the escese exergy into 
ejeotric power. This use of & turbo~comprensor reduces 
Operating exponges considerably. The power geserated is in 
excess of the eleotrical power reguirec to operate tse entire 
Heudry plont. for starting tas plant, a starting motor is 
provided together with pressure baracre in tee air line before 
and after the catalyst cases, to provide tae necessary etart- 


ing heate 


There have been meny Improvements on the original Soudry 
design, tae latest auc most important of shies is tae adiabet- 
de operating process waich utilises part af tae boat generated 
Guring the cowbustion of the carbonaceous depyowit om the oat~ 
wiyet wore efficientiye The process is not fully adiabatic } 
ang the beat balaues is not a¢ pregiie as this theracdynamic 
torm ilmpllos. 


in the estalytic operations daserived above, the temp- 
erature in the reactor 1s bold at about 625° ¥ to 850° F. 
About twenty per cent of this beat is utilised fer seat 


Fesetion during the erecting period, walle elauty per cent 
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is absorbed by tae wolten salt. In the adiabatic process, 

@ Somewhat higher temperature le saintelned. Se aelten salt 
ie circulated, thus effecting & consideradle saving in eqalp- 
Mont amd Operating coats. The re uired asoust of exothermic 
regene?ation heat is stored im the aase of oataiyst itevif 
to be available for cracking thw 01] vapors. fart of tne 
beat 1s removeo in tie alr atreaa and used for etewa ane pow 
er goneration, walle tie largeat portion is carried away in 
tae oll Vapors leaving tas catalyst ease and is used ta pre- 
beat tse incowing Paede fhe Gatalyet cyole i¢ the saae for 
ail iouary processes, the adiabetic process differs froa the 
normal Operation only in the manner in whien the boat is 
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OVentages of the Houdry process over tae previously ased 
thermni oraccing Setueds are that the Goudry process is far 
more flexibie, it gives consistently bigh enee-turouge yields 
of gasviine frou any orade feou stock, it gives a gasolins 
with amusaaliy aigh octane ratiags and it ean produse aviation 
@atclinse direstiy from tas original charging stock. 4& 
Ghanging the o13 fewd and the Catalyst, & Youdry unit way be 


acaptes to tae production of otaer gaselines of tolucne. 
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All fineé-bed estalytic processes are voriations of tne 
Houdry process, although nany save their own names, } jtuer 
fixed~bed extalytic proeess include eyeloversion, developed 
by the fallilips ‘etroleum Company and in whose refizery the 
enly plent of whieh is now operating. Little operating date 
are avaliable on this plant, bullt in 1944. ‘“ydroforming 
(described fuily in the next section, see “Hydroforming”, page 
2i) 4a anotuer variety of the original Soudry design. 
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urzmoronming!t+ 40, 4%, 20, 28, 29, 30, 35) 


For many yoare it bad boon Koon that wits the alc of cart- 
Sin dehydrogenation catalysts, napnthenes with a six membered ring 
ang normal paraffins could be converted to sromatios, out pro- 
Ceseus using these Gutaiyots had never begowe Commercial because 
tae catalysts becawe rapidly inactivated from the fouling by 
@arbonacesus doposite. doudry eliminated thie drawback to some 
extent with bis catalyst cycle tiulng syateme im the cyelisation 


reactions, carbon deposition is especializ sericas. 


it wae found that these earbonacesous deposits enn be minimised 
if the reaction is carried oat in the presence of sydrogen. ith 
suitable catalysts and ander suitable conditions, the hyérogen- 
ation process Gan be Oysrated for many gontnus witaoat carbon dep- 
oeition on the catalyst and corbonsceous matter can oven be con~ 
verted to liquid produate.! 4°) Suoh gonditions, however, bscause 
of tae bigh partial pressure of hydrogen that muat bo maintainsd, 
fail to give the degree of conversion to sramatic hydrocarbons 
Gousidered asoeseuary for commereial sueecss, aerefors, a wodit~ 
ication of tac hydrogenation process was dovided to obtain the 
benefit of the aydérogen ataospaere witheat, however, consuming 
bya@rogen, taae maxing Lt annecessary to supply bydrosan to the. 
process. ay reeireuisting hyérogen-rich product gee to the 


Gatelyet Ghenbers and operetiong at & moderate preseure on seleet- 
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ea feed stoccs, the formation of coke on the catalyst ie greatly 
reduced and the o@talyst remains active for a relatively long 
period of time. This modification is called nydroforming, or 
Catalytic reforming, since wolecules are reforsaad into aromatics 
in tae procese. this process is ased today in most of tac plants 


producing synthetic tulucns. 


Hydroforming wae setusliy developed, as mentioned above, for 
the desulfurisation and ectans tmprovesent of low-quality napnthas. 
dyeroforming grew out of the cooperative reserach sarried out by 
the Me YJ. teliogs Company in tae mid thirties wits four major 
@4l companies. frooess design wos worked out by <ollogg and 
Standard Ji] of indianae The first comssreiai unit was set in oper- 
ation in 1940 by ’an American ef ining Corporation at ite Toxas 
City refinery. When tae teluone extraction proesss was worked out, 
largely by Standard 0411 of lew Jersey and Saell 0411 Company, aydéro- 
forming Bacame of great intersst as a soures of nitration-grade 
toiueos. Shere wore, in duly of 1945, elant weroforming anits 
iu operation. fhe Saytowh ordnance Yoras operated by tae fauble 
Ulli and defining Company end costing twolve million dollars was 
tae first Gommreial plant for the production of syntactic ait- 
Pation-graus tolaucne from petroleus, A bydroforsing bypredact 
Qontaining zylones and other aromatios eonetitutes an Important 


 s0ures of scares rich-mixtare ingrecients. The post-war sarvival 
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of hydroforming depends on tae increase in the life of the catal~ 
yet and @ Gecresse in tae Gost of maintenance, Sots of these im 


provements seun lixely. 


Figure @, page 24, illustrates tho following discussion of 
the hydroforming piant iteeif. Figure 2 shows & flow sheet for « 
typieai hydroferming plant. Tae principal resotics fa the process 
fe the éenycrogenation of methyl cyclohexene (NCH) with beat and 
in the presunee of hydrogen and « Catalyst to give teluene and 
free pydrocen. Fresh feed ie seated to reaction temperatare, 
first dy mous of @ heat exchanger whers it reevives heat from the 
products of the ragctor, end thon by means of a so-called napatna 
furnace. At the ontresce to the reactor, the Sot oli vapor isa 
joined by sot recyole gases “hies may contains between forty and 
@igaty per cant by volaae of hydrogen, deyomding on the feed stock 
and tae Gatalyst conditions used. the joined straaus of 011 Vapor 
a6G FuGyGis geses poss througa ooe of tee two reactors wnoere toe 
cateaigst is aisposed aad waere convorsion taxes places The pred~ 
USt 1s OO0vleG Bnd Condensed anc tae gas is separated from tre 
Licwide comm of the gee is recireulated while the remaiader is 
released 66 neceseury to maictain the desired pressare om toe 
Systeme fhe reoyeled gus is preheated before joiaing the stream 
of 01) vapor in toe reayole gae furnace. The liculd product is 


etapilised by removing tae dissolved propane and ligater hydrox 
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carbons. ihe stabilized liquid product is then treated by recov 
ery sethods (see “Toluene kecovery", page 47) to conoentrate tze 


to Luené. 


in spite of the fact that tas coxe formation is amail, it is 
Still necessary te regenerate the catalyst at regular intervale, 
go perait oontinucas operation, at least two reactors are provided, 
One is being regenerated while the other is on Stream. egener~ 
@tion of tae catalyst is accompiisned by burning of f the sarbonace- 
gue deposits by air diluted with spent regeneration gas and flue 
Qo. uring tae regeneration of Keactor 1, for example (see Fig- 
ure 2), the valves marked *1" are cept ciosed and vaives marked 
"2" are cept ogeme This Bliowe the regeneration gae te flow free- 
ay throughs Aeactor 1, dat not Asactor 2, ami the wapors of of] and 


gat to flew tariagh Aeactor 2 but now Aeactor i. 


The hydroforming reaction is endotaermic ana the temperature 
Grop froma reactor inlet to outlet gay be aoe much as severs] hund- 
red Gegress (Fabreaneit). To sarrow the rangs of teaperature in 
the reaction, two reacturs la serive with an intersediate roseating 
farmace may bo used in place of each reacter shown Im Figure 2, 
page 4. At the donditicss used, tae equidibriaa reistionehips 
promote the dehydrogenation of n@pathenes and tie hydrogenation 


of any Slipastic slefias that may already bo present in the feed 
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or that may tend to form. fhe latter reaction accounts largely 
for tee lower rate of ooke formation is hydroferming as compared 
to operation without tae aydrogen atmosphere. Olefins, which tend 
to polymerise to form come and tar, cannot be present im Sigh cone~ 


entration on the surfage of tue catalyst. 


Lenyeregenation of sapnthenss, particulariy of those wits siz 
Carbon atoms in the ring. acoounte for moet of the aromatic pro- 
duction, alteougn, gone toluene’ is produced frou other components 
of tas feed. Lata on the nydroforming of relatively pare oethyl 
Gyciohexane are given in Table 11, page 27. The loss of methyl 
oyclohbezane amounted to over ninety-seven per Gent by Volume of 
that in the feedy ninsty-tarese per cent weat into the production 
of aromatics. in tae progese, some side resetions take place whioh 
result in the production of bensene and some higher aromatics other 
than toluene itesif. About eighty-five por cent of the sethyl 
ayClobexane was Gonverted to toluenee Tsble Il shows, however, 
that the volumetric yiol« was only seventy-one per cent. This 
arises from the facte that sydrogen ie lost in the conversion 
ang that toluene bas & nighor ifyaid density than sethyl aralo- 
hexeanese Lae theoretical volametric yield from methyl] cyclohexane 
is cignty-three pervoent. in these caloalations it wee ageuned 
taat the two and ome~tailf per cont of teluene in the Peed paeged 
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given in fable Il, Hormel heptane yielded, under tae conditions 
employed, only. & relatively sali smount of toluene, and, as in 


SABLE rt 10) 
Hyéroforming “#ure” Compounds. 
Eos, | Re-iie ptans fel 
Bolling point, %~- =» gm? | 209° 231°. 


: Peed Frod Fest FProd Feed rod 
Yields based on feed, Volume per scent: 


iry ges ome = =9eh** mem 26.5% =e O.9** 
ald parafficse Ooo Led teed 39.9 O03) 
eptane Cet he 400 #1268 Gov» 1.28 

Oe 97.6 2.7 -- 06.0 2.5. 

Bensease 0.0 4o0 “- * Pat) G.0 

Toluene 2.5 Vled oo 11.7 97.5 97.9 

Aylenes, ithyl beateone, 

and heavier arowatice--- 1.6 oo ud Q.8 . 

Boiling range of liquid produst, °F; 

10 @ at 224 12? 201 

SO % at 253 sé 23) 

90 @» St au 2iA ez 

Calculated conversions to arouatics, por sents 

MH to te] arowstios gs “- ow 

a4 to toluene 8 —- ae 

Bieptane to tolasne -- 16 os 


“Zot determined, but believed to be less than ene per cent, 
“"YWeight per cent 


dicated by the gas yield and the boiling point rangs of the pro- 
Guct, Was extensively cracked to lignater byéroearbons.e Although 
seventy~-nine per gent of the normal heptane disappeared in the 
reaction, oniy sixteen par cent was converte< te toluene, The 


 Saperiority of metayl cyclohexane as the feed is obvious, While 
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otner entalyats are satisfactory for the laboratory gouversion of 
noraal heptane to toluene! 2+ T+ Ss ¥+ 17, 16. 39) | soe “coteryete, 
page 64) with bigoer yields, no coumereial prooess has come to 
Lights 


foluene was sleo hyéroforaed to demonstrate its etebility 
(eee Sable 11, page 27). Lattle, if any, conversion oeoarred 
ané it bas generally been ageuned in ovalusting practical charging 
stecks thet any toluene in the foec will eppear in the hydro-~ 
formed product. 


The boliing points of toluene ang wethyl Gyclohexane are such 
that both oan be convententiy included in a narrow eut of naphtas 
Charging stock, therefore the synthetic and natural toleene appear 
togetaer in tae hydroforneaé producte Many other compounds ore 
present in the feed. However, experience with aany feed stoexe 
Has Shown that the toluene yield cam to a large extent be accounted 
for om tae besis of the toluene and matny) cyclohexane content, 
@nd toat, while toe cumalative contribation of ail other compounds 
present is an in ortent consideration, the toluene yleid from 
aay one fa probebiy quite ginnad.' 29! 4m oxdeption is methyl eyelo- 
hexene which ocours in oracced stocks aaé appears to be converted 


te tuluene in Sigh yivida. 
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t It will be seen then, that the aethyl cyclohexane content 

of potential feed stocks can be used to calculate approximately 
their capacities to yield synthetic toluene by the bydroforming 
process. The methyl cyclohexane oontent, together with that of 
tolucas, is shown in Table 1, page 7, ‘This met yl cyclobexane 
content is always greater, ond in samy @see¢ ten tines ae great, 
ag the tolasne content. it is obvious then, teat by converting 
the wethyl cyclohexane to toluene, mach less crude need bs prooss~ 
ged snd mach less equipsent is required to produes nitration-grade 
toluene than if only the satural toluene were extracted. In 
analysing potential feec stocks, 1% «os not poesidle to alating- 
aish between the Isowers actayl cyclonexane and ehtyl eyclopente 
anes he boiling points of these teomers differ by only 2° 2 

ang their goneral payeicnl properties ar» sesrly the sane, There- 
fore, tke values given In the seoond coleem of Table I, page 7, 
include such etnayl cysiopentane ae is present. Indications are 
that the metoyl] cyclohexane « etagi aycioperntane mixture way oon- 
tain about fifteen to twenty per cent of ethyl cyclopentane. By 
comparison with di-metayl cyclepentane, which bas deen Shown to 
yield only a jiuited awount of toluene, it is to bo expected that 
toe ethyl cyclopentene would produce much lee toluene than the 
methyl cyclohex@ne, enc it is necessary to taco this inte account 
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hezane - ethyl cyclopeatane content. 


fo deter@ine tae extunt to whien the toluene producing 
Gomponent of tae feed could be soncentrated in a narrow boll- 
ing fraction, a typioal 200° to 260° F virgin naphtha was 
fractiveates into narrow cuts at o aline-to-one reflux ratio 
in a twenty-four piste column, and several of the cuts wore 
subjected to aydroforminge The bighest yieid was forty-four 
volane per cent (eee Curve I, page 31). in this case the feed 
Oontained fifty-seven per cent methyl epelaetien pias ethyl 
Gyclopentane saad five por cent toluonse The toluene concen 
tration in the proéact was fifty-nine per cent; on a broader 


feed it woula be considerably ijowere 
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fhe thermofor prosess wos the first attempt to get away 
from the intermittent operation im the Moadry, the hydroform 
ing, and oll fiued-bed progesses, for altoough the plant as @ 
whole was Operatec on & simulated continuous fier, the estalyst 
cases themeeives were sbut down to permit the reviviflesation 
or regeneration of the syent Gataiysts. As ie evident from 
@tpdying the fixed-bed typos of processes, a far greater case 
Volame is required for tas proceve than is actually used af 


any ome tiwe on #traaits 


fae thermofor process wee developed to eliminate the 
intermittent flow in the catalyst eases thesselves and aaces 
use of a goving Ontaiyet beu instead of the fised-bed. The 
method in waich thie moving oatalyet bed could be utiliasd 
presented any prodlens, but wae finally worked out by the 
weeny Vacuam 311 Companye in essence, the process sonsiate 
of a aoving-bec of Cataiyet, conducted on its way by seans 
Of sechavigal conveyors through first the reacter, and then a 


Silp in which the catalyst is regenerated. 


in lvéi a five-han@red-barre] pliet~piant unit was set 
in operation at the *euleboro, Sew Jersey rofinery of the 


Segony Vacuaa 011 Soupony. in Vetober of 1943, the first fuiie 
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scale cousercial tagraofor plant was operated at tue Beausont, 

texas, refinery of the Magnolia Yetroloum Gompany. im June of 

1945 there wore thirty-four taeraofor reactors in operation 

throughout the country, witea a total nowinai caarging capacity 

of 324,000 barrels daily, peprenenting about thirty-one per 
Gent of the taree ante catalytic processes, doudry, Tiaid 

| @né 206~. tome 100 anite bave produced as higo as eovsnte 


per cent over the rated cupacliy. 


Figures &, page %4, gives tae fiow sheet showing the ime 
portant @iguents of the TCO process. The TOO process involves 
passing charging stock Vapors througa & moving (e0li¢ bed) 
mane of catalyst particics or of passing iiculd charging | 
etoen or a mixture of liguid and vapor down througs the wove 
ing bed. ‘he Vapors are uGually piased apward. The o11 feed 
is firet rid of the tar by fiashing in @ tar separator, as 
in the Soudry plant (pege 14], ana is then pusaed througa a 
Sapsrhoater and inte tae reactor, where it fievs ap ageisst 
tae dowafiowing Gatelyate At tne toy of tas reactor tae 
GPacked product is wlthérawn and sent to whatever unit is ased 


for recovery of the toluene (see "“folasne Acoovery”, page 47). 


The Gistingulehing feature of tae POC proesese fe the flow 


of tue Catalyst and tae awthed for rendering tae process com 
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pletely continuous. ‘the catalyst ie a trested clay inetead 
of the bend eatolyst used in fixed=bed processes. It moves 
down through the reactor by gravity aad enters a diagonal 
lead from the base of the ranctor te the spent catalyst eleve 
ator. Im the spent catalyst @levator the oatalyst ie lifted 
by a bucest conveyor to the top of the elevator tower waere 
At te dumped into another diagonal leg leading to the top of 
the thermofor Kiln. ‘he asd aoves down terougs thy therme~ 
for ciln, @gain by gravitational force, sgainst the upflew 
ine Stream of regenerating gases which pa couposed of fhue 
gas, air and steas, The seat of the regeneration reaction 

ie utilises to produce process etean in @ boiler unit, aot 
show fa Figure 3. Tae outiet regeneration gases are sent 
through & Gyolonic dust sepsrator where any Gutalyst dast 
tuat @ight be entrained ie separated and fod back into tie 
eatalyst fiow linge. 


from the base of tue thermofor «cilia the cataiget reaches 
the regenerated catalyst elevator through a G@lagenal jeade 
from the top of tha regenerated Gata.gat alevator tower the 
Gatalyet reaghes tae Catadyst Gopper by another diagonal loge 
She Gateiyet is taten to the reactor tarough & Vertical pipe 
oown G8 the “Clay lag". Conéiderable spectuiaiion was pre- 


Valent Gonserming tae possibility of Glowing oat the eiay 
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“Jog when high pressure reactor conditions were used, but teats 
under pressures ap to the ASast of the veeeehs tested ehowed 
that the flow of oatalyst down through the Giny leg was never 
Geriously iapairod. Another point le tae offective seal used 
a@t tee base of the reactor, The Gatalyst io purged wits stean 
&e it leaves the reactor, anc thue is ric of ail feed Vapors 
Which, 16 effect, are themby sealeds 


4 typleai plant using the thermofor process ases @ reac- 
tor tower filled with baffles to effect tae proper mixing of 
tne Vapors anu eetsleete fee tower is thirty feet sigh and 
eieven ané one-half feet in dlameter. The regenerated cata- 
iyst elevator is about one handrédeféetibigh, while the apent 
catalyst slevator is about seventy-five feet bighe The reac- 
tion temporatars ased is about 800° ¢ to 1000° F, a8 in the 
processes previously Giseuseede The pressare lo between ten 
and fifteen pounds por square Inch gauge. The space velocity 
ay be VWarded between Gel and 505 cuble fvuet of vapor par 
eubic foot of cataiyst por houre Tia catalyot residence tine 
in tae Peavtion tone may be Varied from a fow minutes to two 
hours, Gepending on otaer Operating conditioss and the satelyss 
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Interesting sxong recent improvonente in the original 
process is tae ase of steps in the diagonal feed lege through 
‘waieb the catalyst flowse Serious erosion probloas were pre= 
| oated ty the flew of bot clay Gatalyst down the diagonel 
legs, and theee legs had to be replaced more ofton then was 
expectedcs fo eiludosge thie wear, steps wers inatelled tn 
the Glegonei wo taut the clay cataiyzet was foreed to Plow or 
Cascade over the steps. has the catalyet bullt ap a layer 
On tue Biepe and instead of flewisg eguinst the lege, it 


flowed over iteelf snc recugec too erosion to e sinimut. 


The theraofor sataliystic craoxing proesess differs from 
tue 4oudry grooees only in taat it effects a continacus . 
operation tarougs tad uge of & moving bed of Gatalyste The 
eateiyst gast still be regenerates So before, bat the eff io~ 


henoy of operation is greatly improved. 
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Zhe fluid catalyst procags represonts & new chemion) 
engineering technique whieh bas wide application te indust~ 


pil operations, both cateiytic and ron-eatalytie. This 
principle may soon be applied to such operations a6 ore red- 
action, coxing ef coal, water gos asnafacture and other speo~ 
daiised chemical procesace, regardless of their respective 
operating sresseures.e his development “as been auceessfulig 
appiied to the gatalytic cracxing of petroleum fractions. 


The flald process operates on the principle of o moving 
bed of Catalyet, a8 does the TCC proceas, but the fluid pro- 
Gess G008 not handle the catalyst mechanically at any stage 


of the proceta.e 


the first Pluia Gatalyst piant was -ieoed on etrean at 
tae baton soage, ouisians, refinery of tne Standard Vii of 
Sew Jersey Sompany in 1942. Sy vumo of 1945, taere were 
thirty-two plents Operating on the Pluid eutelyet process 
in the “nited states, wit» 2 nominal taroeughput of 400,000 
barrela daliy. Your &re of the apflow type: the rest utilise 
the more Pecent downflow method. fhe world's largest flaid 
Catadyst cresting plant wae placed om @treaa Im isoeuber of 


1944 at the 4von refinery of the Bide Vater Associated 912 
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fae Cinia catalyst preaese, as stated above, émployos a 
how tecusique im pandiing solid materials. {he solid meterial, 
in a powier formu, is kept in a fliaid or evecty fiowing tone 

dition @t ail) times, and can thas be Handles fa men tue came 
| way ae @ liquide 4 fluiaisea aass cen be circulated by apyli- 
eation of the gas-lift ertdateie — that is, by dBalancing a 
| devel levies dilei of alph-eobhds Gensity ageinat an upf low 
ing stre@n of low-solids ecapity« in other worde, the ree 
¢auired pressure differential for circulation is obtained tn 
mace the same way @s water would be transferred by Dolancing 


& cOlusn of water against a water-gas wixtarse 


The basio eculpwent involved is iilastrated im Figure 4, 
page 40. There are two primmry scones, a oreecing and a re- 
generation sone. The principal apparatus is the same in each 
sone: standpipe, reection tease] and Gust sepiraters. O11 
Vapor is contactec with regenerated catalyst deliversd ty 
gravity from a standpipe, and the mixture flows in suapension 
into the cracking reactor rhere the reaction secure, The 
mixtare of orsciec petreleat apd Gatalyet flows througa ¢yolon- 
ic duet recovery equijment where the eotelget is recovered. 


The separated spent cataligat is collected im o sopper, flowa 
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at high density down a stanépips, and is injected into the 
strean of air used for regeneration. This alr carries the 
apent Catalyst to other regeneration vessels, snd from there 
inte another set of cyclonic dust collectors whore aiaost ali 
of the Catalyst is removed from the flae gaee The recovered 
catalyst is ea llectad im a bopper, flewe down through @ stande 
pipe, and is fnjeeted into the o11 vapor stress. The eysic is 
thas coulpletecs | 


fae flow oberacteristics of gases carrying solid parti- 
les neve boon carefully investigated. it nas been found 
potsible, by suitebie acjusteeat of gas or Vapor Volucities, 
60 build wy reiativeliy nigh con@cmtrations ef solide wheres 
desirable, se, for exaupio, in reaction and regeneration verse 
eels. Tho densities that dam be obtained are functions of 
‘the feed rate, composition and particle ise Of the particles, 
@@ well ac of tee vagor or gas Walocity. #resture drop from 
friction is saaily the gein preseare Grop in tae system te 


Gua to @tatic beadae 


4ithouges bigh ooncentrations of solids gay be obtained in 
FeCtion Veseels, the solidegas miztare is extremely tarbulent 
aeG resemble @ bolling ilgaid in any respectee AS & Fesult 


of this high tarbulence, wita cunsequent rapic oireulation of 
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solids, the temperature throughout too solids mass is surpria~ 
ingly unifors, varying less than five degrees fanrennett.from 
bottom te top in large vessels ia cataigtic cracking. The 
extrem tarbdulence of the sulids in weasels of tais typo of- 
fore many aavantages im temperature comisol in catelytic or 


oteer proeesses. 


Pigure 5, pege 45, shows the fiow sheet of o typical 
fluid eateiyat eruccing plant. segenerated catalyst from a 
storages bopper flows by gravity tarough oa etandpipe and is 
injected into tae fresh o11 feed vapor which carries it to 
the ¢cracsing reactor. The velocity in the reactor is lov, 
to maintain a high conceatraticn of eutalyat, asd Graccing 
occurs with the sudse.uent deposition of a urbonaceous uatare 
fais on tae catalyst. “he sigture of cracked gruducta and 
Spent Getaiyat Trou tas cracking sone 19 saparatod im eycleni«c 
dust recovery equipaernt; tie Gracted products flew te reoovery 
@ el pment (ase "folueams dgcovery", page 67) for segaration inte 
Geslred Goupanentee The apent catalyst drops inte a storage 
hopper, fiows Gown & standpipe, is piexed up by an undulating 
&ir Stroma agc ig oarried te the regenerator ta wiica the 
Cardonaevous duposite @re removed by combustion. ine miz- 
tare of flues gau amd Catalyst from the rogescrater are separ- 


ated, to¢ Gateiyet drop ing into tae rageuerates cataiyset 
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hopper to complete ite oyoles 


| The nest evolved in barning the carbonscoous do posite 
on the entalyst te greater than ean be absorbes a sensible 


peat by tae catalyst without excessive temperature rise. it 


is therefors necessary to have an additions] means of absorb« 
ing regeneration seat. This is done by ¢irealating the re- 
goneratec catalyst torough sholleand-tabo heat oxcaengers, 
using a separate standpips circuit as shown in Figure 5, page 
43. The ecO@ling medium im the heat exehongers in the amit 
Geserived is fresh ofl feed to the plant. However, the heat 
abeorbec by tie ofl is ordinarliy more tasm that required to 
bring it to proger tomperatures, and a further diesipation 

| of tails n¢at is ende to prodage yroeees steam for use ta tie 


pissts 


Operation of tho fluid oree<ing plant fe entirely auto~ 


(86) sng patio of oatalyst Flow to of1 flow, for ex 


Batice 
emgle, is centrolied by « megsanies actuated By changes in 

tie Gonsity af the cataiyset-o11 mixture. Flow of the eatelyet 
to the rogoucrator is aesared by Butowatic control of tae 
devel uf the catalyet ig tne Spent eatalyst hopper. OCieliare 
ay, the rogenerateor temperature fis governed br the sutomatic 


regadetion of tae eaastity of eutalyst cirenlated through tne 
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the flexibility of the fluid process le denonstrated 
by the fact that operation ean be carried out over a wide 
range of oracting and regeneration tom «ratures, as wel) 

ao of depth of eracking beds eaction temperatares onn 

be controlied by varying the enoant of heat applicé to the 
042 in the furnaces bad to the hot catalyst eiroulatede 
foraal roactor teaperstures ife in the range B20? te 1000° 
PF, as in the doacry proessee The regenerator tomperaturss 
ean be Wariod over & relatively wide range, bat are mormel- 
ly wept vetween 1000° and 1200" F. Gao depth of oracking 
ia governed by both the amount of the eatelget im tae resge 
tiom sone and the Patic of cataiyet to oil fiew. This Pleze 
ibility i¢ Lapertant in that toe eharacter of tae products 
ie sontiaderatiy affectec by Both tue temperature end tre 


Conversion ievel employede 


fhe pressure jevei Can &is0 be Held at any cestred 
peint within the safe raage for the veeseie used. In most 
present insteliletions for ges-o1l oracking, the oressure 
at the top of tue resctor vessel] is about ten pounds per 
Square inch gauge; tuat at the top of the regeneration 
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Cracting with a soBable catalyst (seq "Catalysts", page 
S4) at elevated tomporaturee produces, in addition to high 
“ylelas of olefins and lesbatane for alayiation, a gasoline 
fraction gontsining feirly large ssoants of toluens, xylenee 


and the higser aromatiess 
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4s cen be seen, an aromatio-rich mixture can be obtained 
by several means. The saceess of o comeereial operation for 
sonafactering eyntaetie nitration-grace tolaene does not rest 
eviely an tae development of « preotical method for prodac- 
ing the tolaone in uG@etity from petroleas, but also requires 
@ Satisfactory solution of the problem of separating the 
toluene from tow other oyeponente boiling in the sam range, 
te produces the high degres of parity demandes by nitration- 
grave specifications. ‘eparation by superfractionation 
lone, oven ander sost favorable conditions and with a great 
many @calv¥alent giates wan not satisfactory, because of the 
Very small differences between the boiling points of the im 
purities and tuat of toluene itself. soreover, toluene forus 
Szeotrepic mixtures with some of the otaer epmgonents of the 
racked steer, taese mixtures boil at temperatures differe 
ent from tant of pare toducnea, and cannot be resolved by 


Simple distiilstiorn methods. 2?! 


#recessas far tas liculdé-onase solvent extraction of 
araaaties Prana hydrocarbon mixteres were aroun, bet the nigh 
est aromatic concentration obtainable by the snowa m= thede 


was oaly about seventy-five to weighty percent, while tre 
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specifications for nitration-grade teluene esiled for above 
99 per cont parity. hie problem had not arisen in ma cing 
tolucns fron eos: tar bepAave that prodact contains little 
Raphthenic, psraffinic or clefinte saterial, and telusae 

Gen be Seperated readiiy froma the steer aromatics by chem- 


foal purification anc almple distiliation. 


fhe method used by practioaliy aii of the recovery 
plants in use togsy i6 that of asectropic dietillation. An 
Aseotropic mixture is one whieh foras @ sonstant-boliing 
wixtare vaion boils at a tempersvare different from, and 
usanlly lower than the boiling point of oltser of the 
Gonstitucnts. 42se0tro pet may bs Pormed between two, threw, 


Or More Gomponentse 


Aseotropic mixtures by woiech toluene say be separated 
ate taose in whien tae imparities form an aseotrops wits 
ths aseotroeeformer Sdded before diatiliation, and in which 
the Sseotrope Bolle ie & Tange far enouga romoved from tast 
of pare tataene to porait the mixters te be fractionated 
Pe@dily. “uch asootrope-formers Vary wideiy im character, 
Siztares of gethanol ana vater,' 9+! methyglethylestone (az) 
ALG water,’ #0) and @ low aplecular weight aitre paraffin 


: (4) 
(ieee nitropror.ae } have bech guggeeted. Sy far the most 
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widely used ascotrope-formrs today are MiK-water and mothenole 
water aixtarege , 


Figure 6, yago 50, shows the flow sheet of the Magnolia 
Petroleum Company's toluene rogovery plant, Soaumont, Tozage 
fais plant ases tie aethanol-water @ixture. 


Phe tolaene recovery consists of four main steps: tare | 
preperation of « tolausne concentrate bolling in between 218° 
to 205° ¥, the comcontration of the toluene oat to ainety- 
etgnt per cont toluene by aeeatropie distillation with mathe 
anol and water, and the purification of the o. agentrated 
toluene obtained in the second step by an acld troatwont, 
end the roramning of the toluene to provide aitration-grade 
product. 


There are two parallel] syctoms for tat concentration of 
tee initial toluene cute “Gach reesives oraczed vapore from 
etesmestill gasoling: pissts aac a polyforming gasoline plant. 
This feec might be from any of the catalytic eracting pro- 
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Dlendinge The bottoms are sent to the scdond tower, whore 
the overhoud fraction consists of the concentrated toluene 
Cut. This may cerry between eight oné fifty per cent of 

toluene, depending om the feed and other oonditions. Tho 
bottoms of tue second tower comsiat of heavy gneoline, and 


are returned to the refinery for eold treatagut. 


Sae toluene frou each concentrator is stored prior to 
acdition of methanol] and subsequent frecticuation of boe 
aseotrope in toe aseotrope towers. the overhead from the 
first aseotropes tower is of alaget conetant composition, 
@enteining about fifty-five per cent of water solation of 
methanol vith sows Sydfocarbon imparity. The bottoms econ- 
tain from fifty to seventy per cent of toluene and are sent 
to the seGonc Sseotrope towers Additions] methane] is added 
before the mixture enters too towers Tae distillate from 
the segcnd tower contains about seventy per sont sathanol, 
and incgiades the reasining traces of impurities. The bottoms 
carry from sinety-cix to ninety-eigat per cent of pare tole 
uene. The top progacts frou the two towers join and ara sout 
to tae extractor ant aetbanel] towers for selvent peoevery. 
fhe eased Pejects, shown in Figure 6, page BO, la substant~ 
feliy Sieohol-free gasoline and is sent to the blending 
piant. 
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Zhe bottoms from the last aaeotrops tower, containing 
ainety-oiget per cont of toluene, pass to the acid treatere 
Shere tae toluene te treated with ninety-oignt peroeent sulf- 
aric acid dm the acid settlers. The Luriron settiers act 
as Gounter-current slaudse settlers. The toluene them paseus 
through a gravel-pacxed eoagulator, or filter, and thenos. vo 
@ water wash in © tower packed with Aasenig rings. After 
wasbing, the aixtare ie neutralised in another gravel-psoxed 
eoagulater. This eecuence of Goaguiation and water wash is 
used to prevent the forwation of an ewalsion in tae neutral- 
isation step. dydrolysis of tae sulfates sad sulfonates 
present occurs ln the Goustie contactor, tse contact tine 

is about one hours The aydrolysia eliminates the yeesteum 
| Of tasee components in the rerun tewer, with tse accompanye 
ing acid scorrosioa. 


The toluene rerun tower delivers toluene with tas fol- 
lowing cneracteristios:'44) perartin content, one-half of 
Qne per cent, distillation boiling point range between 110.4° 
and 110.8° GC, specific gravity, 0.669, and a cloud point be- 
low « 30° 6, 


fae wethamel is reeevered in a couster-eurrent extrast- 


jon in « tower pacaed with Gusehig rings. The top product, 
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as mentioned above, is substantially aleohol-free gasoline. 
Tne bottoms, Carrying thirty-one per cent ef wethonol, are 
sent to the metaanol tower, whieh is a twenty-plate fraction- 
‘@tion column. The recuverss weothenol is reaycled in the 
process. | 
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in this plant, oighty per cent of the tolaese present 
in the feed stock is recovereads The enicf losaces are in the 
aseotrope reject ami im the aeic tre@tnent enc rerun steps, 
fais setacd of aseotropic distiiiation londe itself easiiy 
to the recovery of toleene from petroleum fractions whios 


Contain « Sign percentage of aromatics, Inciuding tolausae. 
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Cateiyote for petroleca refining pave beon developed for 
many conditions of use» Fur inetanoe, there bra aydrogen~ 
Sting Catalysts as weil aa denyarogenating ones, Gy@lization 
estalysts aad Gutelyeta to breac down & ring structures. soet 
Catalysts are developed for a epeoific reactions The petral- 
@uM Gatajysts consiat of 4 jarge variety of Glayee ‘these 
Gata.yete usually cuntale asteilic coupounds formed with 
metaie of tae fourts, Cifts ang vixto groupe of the pariedaic 
eoert of sieweatse. These compounds (iergeiy oxides] are 
SUBPSAESU Om VORt 16 <uowh as 4 Garvicr OF supporte#, whica 
Consiste of activatec siiies oy aluwing. Cais ehole wlataure 
is formed into beace, peliets, grasuies, clay or dust acoord~ 
ing W tie tyve of protease in ahick it ls to be used. ‘the 
method a ef (aese Gataiysts le very important, 
Since excessive tuaporatures Gan ruin them for som reectionse 
Various trace elesents, mown ae promoters, aay be added. 
Saese Selp to sogregete tae reaction gor whieh the extaiyst 
is designed from etsers for which tae parust oxide may be 
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Grosse, iiorrei2 ana vattox'**), of tne Universal 012 
Products Company, are responsible for the illustration in 
Curve 11, page G6. This curve Allustrates the effect of 
the aature of the different ustals used as the Gataiyet on 
tae activity of tas eatalyet for denydrogensting and eyel- 
ising acrmal Septane to produce tolacne. Greater setivitios 
ef catalyets and larger apate-tins zields my be obtained 
with mixed Gatalysie den taining two, threo, o7 even more 
Gebyadrogeauting acetal oxldens Carve Il tiluetrates the re- 
@auite of spooifis Genydrecyciisation of normal heptane at 
660° 6 by various mixtures of obromiwn, vanadium and moly~ 
bécnum, ise Yeuadiuwrwplydbésmum Gataiyst is always lower 
in activity tows is tae s¥aple chromiua catalyst. Tae 
mixture of aii tares proves to be the beat, af might be 
expected, ai tae aga the regults were not saditive on a 


Simple sale. 


&4P@Rivala and Gveensfelder,**! gf the “heli Levelop- 
ment \sagany, are responsible fur the reeaiaing curves. 
Gebie iil, page 57, is a cOmpliation of data given in 

tine ir erticie! *! amd @erves to identify the various Gataiyet 
RUmbers Sad the Gompocitions of these Gataiyats. Ghrowian 


ozige-slusina Gatealyets are orepared by one of two sutaods: 


~ Ge 


wh poliensealis eat i sienuniak teeenors il 
wt Y FONE ond morerctawhit SVE ALE 488 oDag oll ev) 
RO IMGMIes OF2 Se hom Bledes: taore Lb ons 2o ston 
ehOus dae gat tenerowgned 0? ee ae | 
ensETtiae noseNr® xsnontar codon O8, aaatind, Lamson pated. 
| bankers of yam satety eete-eanye SHIA bee Baylada> Bo. 

WOR LOTR TO ,oON? ,owd gatatoreea alaylats? benim gtia— 
sot wie wedwnsautih i OTIS! saabine iaaee BclJacogow yeh 
MO emRdGeS Laertog Ye wkIestioqoowuied atoms We dion 
SR: eiudtay yt @ me 
AM? gt eyiatas ontaonde elomye ead ei aad yehvigen “ 
~) th Saghe ee e20et end ot of sovory eetnd Sie Yo osagada 
(EM AULAERDE 20N eRHO. 25 14EET Odd. Candle .oorQaURD, 


‘ ee grey 4 ae te ae ae Wee ake «ld FS Nene ye Me Oe ®, pedis 7 


wee y P7 


sgeleres feat eng ‘4 ai  vootoreaeen & eo biadtaors 


at © 


we %! * \y Ly . ¥ 


hr bed ‘pelatecer wud 102 shabemoseot ova says tase 
| i a “eortg ated . nebvaLtqeos 8 ef 6 cane arr oda? 
peetahen swolsam wit YMonebl ob sorece ban | letetena aed 
MHLeCS ehseyiadad seeds Yo Gawidlecgues ess van onedena 


rabonitum ows te ene Yt detaget) ete Seayleded onlewle~odixe 


IN LIQUID PRODUCT 


TOLUENE 


PERCENT 


MOL 


TIME YIELD 


Curve I 


a 

oO 

<a 

a 

w 

oO 

z 

7) 

aq 

uJ 

a 

i=) 

= 

INCREASING CONTACT TIME 
Dehydrocyclization of nHeptane into 
Toluene with 
Metal Oxide Catalysts 
100 
9 Crg03-Harshaw os eae 163) 

90 ICrp0z-Calcined Alorco AljO3 (167) 
80 ° Grp 03-Calcined erchamaece (168) 
he Curve I 
60 

50 4 inne 

40 3 (162) ie ad 

30 Sree es ~§—3 
20 

0) be 82? WS FAP MS AGE ere eos. Ogata He 


ELAPSED TIME, HOURS 


13 14 15 


Effect of Calcining Alumina for 6 


Hours (700°C) on Cyclization 
of Catalysts (n-Hepfane as 


Activity 
Feed) 


ey Noe 


; 
; eye mento 
= 


ati atte 9h? ae els. 
: he hea ai Se ePint ins oh tke ee Re 


“on : 


ett Mca legge — 
Next ee oo; 


os he ( 


_ Hike rasa f ee 
ee ae ee. 
Ps Bee b 4g elit SCY as aw) aan 
eT ie ie Tava | 
Me bs Ls te a tS ee 1 ee a ee ile ay ay, 
t Maaerst a OL ka oe e Maal ibs bebe pire. sb 
fur bah ig BROOM AMT A3zRNUT ; a fy eee 
Ss wh. WAVE, 


QNinisiod Yo Ses 
WARTSR” FOAGIBND do POOR) eaok 


(hae 25° enolger-n} eeyoind to 


ihithia 


ae: 7 


Catalyst 
Rumber 


ae 


Lbz 


iGé 


i67 
i166 


ivi 


mane urt!*) 


Catalyst Compositions 


Composition (Peignt 
percent of elements) 


ide? Cr/alpos A1g03° 90 

G.6¥ Ge/ 10.6 Cr/aipna 41g0,0H%20 
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coprecipitation of the hydroxides of chromias and aluuins or 
impregnation of alumina with a solution of onrowie acid or 
& chromic salte In both cases the waterial is subsequently 
Oaloined to romove water and volatile acids. 


Zhe Lapregaation wetbod ie siapler, anc under the cond- 
itivas of preparation ana with tae promoters to be discussed, 
4t resuite in & Cateiget equalling or exceeding the activity 
of taese Sade by coprecipitation of ohromian and aiosinam 
oxiden. Lae carriers aseé were slpoa 41g0,% 20, or Bohai toy 
game Ai205, tae anhyérous form of Bbamite; and alphe 41205, 


OF G6rvundae, tHe Batured or syntnetic alga-t:aperatere forme 


AGtivity teste were ordinariiy gade ender the foilewing 
Gencitions. in the preceatation of test resuitg, any dave 
dation frou towse standarcs are ladicatede 4 temperature of 
490° ¢, atiuoapaeric prescare, catalyst bed aged was 16 inches 
_ dong and five gighths of am inch in diaseter with an axial 
thermoweii, tae catalyst vwelase was sixty-nine cubic ceati- 
metera, tee ligald feed rate was twenty-five ailiiliters 
per gour and tae iigaid hoariy space velocity (LE0V) was 
BSlatalusc ot Uedd Wolugoe per Yolume of Guteliyst space per 
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Curve lil, page 56, shows the effect of calcining the 
alaming ased as the catsiyet sapport for ote hoare at 700° 
G on tue cyclisation activity of ostalysts using normal 
beptane as tho fee. the Galcined or equivalent carricr 


fe supertdrs. 


Carve JV, page 60, iliastrates the effect of two types 
of supporters on a Coriun-potessiam-chromie-aiundna tata~ 
lyst. iho two supporters, sipha and gamma 41,0,, were 
tettec Siome and showed no activity. Again, the csloined 


form is sapertore 


Curve ¥, page 60, gives » comparison of catalysts for 
tas gehyerogenation of methyl oyclohezane. ‘ome catalysts, 
notabiy those reprosentec by the upper curves, were pro- 
moteé, while othere were note The lower wuarve ropresents 
tm activity ourve for an angromoted chremis-aipha alanina 
Gatalyet and indicates toat thie eatalyst is deflaitely 
iaferisr te the others, a promoted catalyst aaé 88 egpro~ 
mot@c Catalyst bota of which ase games Glumisa. The pro- 
meted Gatelgst iljaustratea 1s superior te bota of tas an 
promotec catuiyats after severai bourse Save passed { the 


times iu Boare represents the life of tie cataiyet, Lee 
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the ordinate cortesponds te the activity of the ontalyst aft- 
er it hes been on stream for the time indicated am abscisene). 


Gurve Vi, page 60, shows the inflaenes of toe chromiun 
Content on tie cyelisation activity of « Crg0s/elphs Alp0z*Hg0 
Catelyste fhe staimae conversion is that at waien toe re- 
Su.ting toiuene yleld wae the greatest. i smell addition of 
Ghroalas ineresses the catalyst activity sharply, while in- 
cressing amounts of ehromian sdcaed to the Qutaigyst tend to 
increase tie activity linearly after tas first sharp imersase, 
However, the ton and twonty~five-hour averages are more or 
dese fiat after the ehromiam content has renohed « value of 


three or four per conte 


Curve Vil, page 62, illustrates tae effect of sulfate im 
parities on the catalyst activity. The sulfate ion seems te 
be the most deleterious of all tapuritios normed ly found in 
‘ohromia, Catalyst 166 (see Table I11, page 57) was made by 
aiding sulfate to the eatalyete “sli amounts of sulfate im 


parity deereses the activity sarmadlz. 


Curve VIII, page 62, shows the effect of varivus alah’ 
motels a6 promoters on a Or,0,/gsmm Alg0s catalyst (l2fiper 
Gent caresaius on 4 gamma gartier with 0.026 mle of the ale 


eli metal indicated saded per 100 mole of estaiyst). Litaiam 
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reduces the activity, while both potassium and cesium in- 
erence it greatly. Phe promoted catalyets show s period of 
industion of aboat four hoars, walle the activity of the une 
promoted catalyst falls steadily from the very beginning of 


the Poaction period. 


Garve iz, page 62, illustrates the saxe effects of cerium 
and potessiam on the chromia~siumina catalyst aS promterse 
the induction periog is clearly Lilustrated in the oxpanded 
time scale over thant of Gurve Ville As steted before, the 


inéuetion period lasts for about four sours. 


Curve A, page G4, illustrates tus effect of toe potasaiua 
@oatentration of tae chrowia-gamea aluzins catalysts. The 
*nuap-bacced” ourve 1s characteristic of ali average convera 
ions. A potassian congentration of ton to eignteen mol per 


106 mols of ehruniam gives tae beat adtivity. 


Curve Al, pags 64, iliustrates tae effect of eertum ané 
‘potcasium on & chrominealpha slanina eatalyst 80 promoters. 
fhe affects ilastrated in Curve Ih, page 62, are on s ganme 
élugina catalyst carrier. The game deductions ean be dravn 


teat worse dravn for Carve Ik. 
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 Qurve Zil, page 64, shows the effect of temperatars 
and Gpace velocity oa the catalyst life. The food was methyl 
eyclobszene amd the catalyst used was wauber 150 (see Table 
iil, page S57}. Tae best curve is for @ liquid hourly space 
Velooity of S656 end & reaction temperature of 490° Ce 
Keeyag the spaoe velocity savstentially constant and vary~ 
ing tho temperatures resalte in @ decresm@ in catalyst life 
for om incresse ia teapercture, &6 BhowB for the two curves 
with a iicuié pouriy G@pave Velocity ef Oe72 and reaction 
temperatures of 490° agé 620° 6, respectively. Increasing 
tee gpace Veiscity hae a acaraedc effect oa tee catalyst life, 
68 iliastrated by the curve of liculd hourly 8,ace velosity 
de44 and reaction touparature 550°. 08 @8 Lasreaase in 


tas sphee Veiooity apprecinbiy lowers tae life of the cutalyst. 


Qarve AIL1, page G6, illustrates tae effect of thermal 

eracting On the raw feeda, norma, heptane and m.thyl] syclo- 
hexemes ‘The equigacnt used ia tho tests outdineaé above ¢on- 
Sisteu of & staliniess steel reaction caanser. Tuerefere, 
& taermal Gracking test was gade on the eapty chaaber to 
Geteraice the wasunt of lews of feed by thermal orackinge 
it may be soem taat tae less of normal beytanse to therual 
GPaccing at tis feastion teayeratare of the Sbove tosts 


(490° GC} is less tase four por coat, and that of metayl 
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eyclouszans is loss toan one~balf of ome per cent. wothy2 
@yclohexene permite fur loss logs to thermal eracking at 
@levates temperatures than dose normal septanee Hetorthelese, 
the thorual cracking losses are aii very lov compared to the 


Fields of toluene obtained. 


Cerian~potussiuce durcala-ganma Gluaing catalysts oon be 
regenerated with hot alr diluted wita an inert gas such as 
flue gas at about 550° 6. Im a teet ren'®) « arop fron 
eighty-cigct por cent to seventy-four per cent conversion 
wes noted after sizty+seven regenerations (400 processigg 
bourse) of on average @eeline per regeneration of 0.2] per 
Gont conversion. The rate of decline dcereased after that 
to an average of 0612 per cent per regeneration after 800 
regoveraticns (1200 processing sours). The ratio of pressor ty 
cessing time» to the tine required to completely remove the 
Garvom dsyosit wos about six te one for the cyclisation of 
normal hoptsaae, and trunty te one for the desydrogenaticn 
of setayi cyclosesanage Table IY, gags 66, will serve to 
iiljaustrate this characteriatic lower garben desosition on 
the ¢ataiyet of methyl cyclohexane. Far bots gatalyate, 
me tayi dbbiien had Qoneistently lower rates of de- 
posit than normal ne@ptane, Glthough toe jesgth of the run 


was ten hours, of tgo-thirds gore tian that of aormal heptane. 
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Catalyst food iengtd srbon, weight % 
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it may therefore be seen taat tae propertics of any 
particular catelyst way be varied over a wide range to mest 
@ertain operating conditions, and a syweial catalyst aay weli 
de developed to mses the requirements of any apecifie reactions 
This discussion, of course, is not Gongermed wita tae eco~ 


nomics of gatalyst produstion and catalytic proscotsote 
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Thile most of the toluene now made from petrolean 19 
derived from the hydroforming prosess, any of the various 
processes deseribed aay be adapted te the production of 
toluene by proper selection of @atalyet, feed stock and 
operating conditions. Testurg of bxd OF more prodesaes 
may bo Gosbined. Yor example, develspriats may lead to 
a fluid-¢stalyst proeesa which operates in on atamephere of 
hydrogen, thue combining that process with the princigies 
of apdroforaings Katurally, such developments involve 


Goumpligates later~relationships of patent rights. 
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